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Crystal structure of pseudo-six-fold carbon dioxide phase Il at high pressures and temperatures
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The crystal structure of CQIl is determined to be tetragonB4, /mnmwith z=2, with evidence of some
tetragonal-to-orthorhombi@nnm disorder in theab plane. In this structure, carbon atoms are pseudo-sixfold-
coordinated by oxygens; two oxygens are at an elongated intramolect#@ ond distance, 1.383) A, and
four are at a collapsed intermolecular distance, 237X, at the apices of highly distorted octahedral. Strong
intermolecular association results in a large splitting of the symmetric stretehingpde and in a high bulk
modulus 131.5 GPa. At 11 GPa, ¢@ is about 6.8% denser than GOIl (Cmca.
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INTRODUCTION show evidence of a strong molecular association of phase Il
in the configuration of pseudo-six-fold carbon atoms in a
A fundamental principle of high-pressure chemistry is thatstructure similar to Si@stishovite'® Based on its elongated
multiple bonds become unstable because a rapid increase iptramolecular bond distance, well over 1.30 A, and col-
electron kinetic energies overtakes locally attractive electrolapsed intermolecular distance, below 2.38 A, we conclude
static potential energies for valence electrons. This instabilitfhat CQ-Il is intermediate between molecular and nonmo-
delocalizes electrons confined within intramolecular bondslecular solids.
and eventually transforms molecular solids to monoatomic

meta!li.c phase_s at high pressdr&uch insulator—tp—mgtal EXPERIMENTS
transitions typically occur well above 100 GPa in simple o _
molecular solids. However, theoretical calculatohpredict Carbon dioxide samples were prepared by condensing

that, even at intermediate pressures far lower than th€O, gas at—40 °C and 10 atm into diamond-anvil cells con-
insulator-to-metal transition pressures, molecular solids magained in a pressure vessel. The £0was warmed to am-
transform into nonmolecular framework structures. The rebient temperature, and compressed until it transformed to
cent discoveries of polymeric carbon dioxfdend nitroge  CO,-1ll, above 11 GPa. Phase Il was then synthesized by
indeed prove this proposal. Importantly, these nonmoleculaexternally heating the phase-lll sample to above the Ill-to-II
solids exhibit very interesting physical properties such agransition temperatures at pressures between 11 and 58 GPa.
optical nonlinearity, low compressibility high-energy The sample temperature was measured with a precision of
density’ and semiconductivit§,and thus offer great prom- ~1 K by using a calibrated thermocougl¢ type) in contact
ises for future development of novel interesting materials. with the anvils. A few micron-sized ruby crystals were
Large differences exist between molecular and nonmoloaded in the cell to determine pressute®hase Il was
lecular phases in the nature of bonding, intermolecular interreadily recognized both by its highly polycrystalline visual
actions, molecular configurations, crystal structures, aneéppearance and its characteristic Raman spectivn often
electronic structures. Therefore, molecular-to-nonmoleculapbserved a large pressure drop, nearly 10%, after the Ill-to-I|
phase transitions may follow very complicated pathwaydransition.
whose explanations present fundamental scientific challenges The crystal structure of CQIl was determinedn situ at
in condensed-matter physics. The phase diagram of carbdrigh pressures and temperatures by angle-resolved x-ray dif-
dioxide is a good example of the complexity of phases andraction (ADXD) using a focused monochromatic synchro-
transitions. Carbon dioxide at high pressure and temperatutteon x ray at ID-30 of the European Synchrotron Radiation
occurs in many polymorphs of greatly different chemical Facility (\=0.3738 A) and at BL 10-2 of Stanford Synchro-
bonding and intermolecular interactiong\ very unusual, tron Radiation LaboratoryN=0.6199 A). The diffraction
strong intermolecular association evident in the large splitpatterns were recorded on high-resolution image plates, and
ting of the v4 vibration, without accompanying evidence of were analyzed by using therT2p program*?> The ADXD
intermolecular bonding such as tlg(C-O-C) vibration ob-  powder patterns were then Rietveld refined by using
served in polymeric C@V* makes phase Il of CQof par-  FULLPROF98(Ref. 13 andRIQAs.™
ticular interest. More importantly, the stability field of phase
Il is in a pressure-temperature region between the stability
regions of the molecular and nonmolecular phases, suggest-
ing that phase Il is a key to understanding the molecular-to- Figure 1 shows a typical powder x-ray diffraction pattern
nonmolecular phase transition. of CO,-1l at 28 GPa and 680 K. The diffraction pattern can
In this study we characterize the crystal structure ofbe indexed to tetragonal or pseudotetragonal unit cells.
CO,-11 in situat high pressures and temperatures. The resultBased on the systematic absence of diffraction lines ob-

RESULTS AND DISCUSSION
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FIG. 1. (Color) Observedcircles, calculatedsolid line), and differencébottom x-ray-diffraction pattern of C& 1l at 28 GPa and 680
K, assuming(a) a tetragonal model anth) an orthorhombic model. The Bragg markers denote reflection positions efliC@p) and
rhenium(gasket material, bottomNote that the 101 and 200 reflections are relatively broad as a result of the tetragonal-to-orthorhombic
disorder in the ab plane to the CaGl (Pnnm structure. Residual factors for the refinements are
(@ Ryp=0.205,Rpaq4=0.269, (b) Ryp=0.122,Rg 545~ 0.172. Note that background-corrected intensiig®bs) have been used for the
calculation, resulting in relatively higiR,, factors. Definition ofR factors: R,,={Swi[y;(0bs)-y;(calc)?/Sw;y;(0bsF}'% Rgragq
=3|lg(obs)—Ig(calc)/=1g(obs).

served, we conclude that two space groups are possible: aexp—B[(sin 6/\)?] for the temperature factor. An even bet-
rutilelike tetragonal cellthe space group4,/mnm and a ter fit could be achieved by assuming a mixture of the ortho-

CaCl-like orthorhombic cell Pnnm), which represents rhombic and tetragonal phases; however, there is no indica-
only a minor modification of the tetragonal cell. For the tjon that the sample is not in a single phase.

structure refinements the background was described by inter- Assuming theP4,/mnm structure, the final refinement
polation between 22 points, and the pseudo-Voigt funCtiOWieIds, for lattice parametersa=b=3.5345(7) A andc
was used for modeling reflection profilesa) For_ the = 4.1401(7) A, and for atomic position&(2a) on (0,0,0
P4,/mnm model, a total of 12 parameters was re_fmed forand O(4f) on [0.27322),0.27322),0]. The final refined
CO,-lI: one scale factor, one positional, two lattice, Onex—ray-diffraction pattern shows a reasonable agreement with

mixing, two halfwidths, one preferred orientatiédirection . :
. the measured one with the exceptions on two br@k@ll)
¢), and one asymmetry parameter for £ and one scale and (200 reflections at 2=7.98° and 12.05°, respectively

factor, one lattice and one haldwidth for Reasket materi . .
Fom al 6(F|g. 1). The orthorhombic space group, on the other hand,

The initial lattice parameters of Re were estimated from the' ' i i
compression curve previously obtaindand thec/a ratio splits those two broad reflections and results in a somewhat

was constrained to be 1.613. The Debye-Waller factors obetter fit. For this space group, the final lattice parameters
carbon and oxygen held fixed at reasonable val(wsFor ~Were a=3.4883(7) A, b=3.5698(8) A, and c

the Pnnmmodel, the refinement was performed as described4-1466(5) A with atoms located a(2a) (0,0,0 and
above with the only difference being that, according to theO(4g) [0.26589),0.26679),0.0]. That is, the orthorhombic
lower symmetry two more structural parameters were in{Pnnm cell represents only a slight; 1%, distortion of the
cluded and the Debye-Waller factors of carbon and oxyge@b plane, and virtually the same axis from the tetragonal
could be refined freely, resulting in a total of 16 refined pa-(P4,/mnm) structure. The calculated bond lengths and in-
rameters. The Debye-Waller factdBswere found 5.94) A2 termolecular distances are very similar in both models.

for carbon and 4@) A? for oxygen, using a formT The crystal structure of CQII lattice can be described as
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(a) c
1.331

(b)
lli (Cmca)

c,=5.748 a, = 4.163

FIG. 2. (Color (a) Crystal structure of C@1l at 28 GPa and 680 K. Note that six oxygen atoms neighbor each carbon atom at the apices
of an elongated pseudo-octahedron. Each oxygen atom is, on the other hand, threefold coordinated with carbon atoms. Also, note the very
close nonbonded @O distance alond110], causing the dynamic disorder in the lattice. This structure is analogous to the stishovite
structure of SiQ. (b) The unit cells of CG-1ll (Cmca Z=4, left; projected along tha axis) and CQ-1l (P4,/mnm Z=2, right; projected
along thec axis) are compared to show their close structural relationship at 30 GPa and ambient tempayattres 1/2 (aé+ bé)l’2 and
cr=ap, Where the subscrip® andT depict the orthorhombic phase Il and tetragonal phase Il structures, respectively. All numbers in the
figure are in A.

a sixfold layer structure similar to rutile and SiGtishovite ~ nearest carbon atoms: one bonded and two nonbonded. Note
(both inP4,/mnm) or CaCl (Pnnm (Fig. 2. All CO, mol-  that the carbon-oxygen bond is highly elongated from a typi-
ecules are arranged in layers perpendicular to crystallocal C=0 double bond distande<1.2 A); whereas the near-
graphicc axis; half atz=0 with the molecular axis aligned est intermolecular distance is nearly collapsed to substan-
along the face diagon@l10] direction, and the other half at tially less than twice the G-O bond distance. In these
z=0.5 aligned along thg—110] direction. In this configura- respects, this structure clearly represents a strong association
tion, each carbon atom has six neighboring oxygen atoms atf neighboring molecules, and can be considered as an inter-
the apices of highly distorted octahedral: two bonded oxy-mediate state between a molecular crystal and an extended
gens at the distance 1.331 A and four nonbonded ones at solid like rutile or SiQ stishovite.

2.3772) A. Each oxygen atom, on the other hand, has three Recall that thé101) and(200) reflections in Fig. 1 are not
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shear-type libration in th@b plane and a rocking motion
along thec axis, respectively. The very low frequency of the
broadB, 4 vibration mode in Fig. @) is consistent with the
concept of the dynamic disorder of the lattice. Furthermore,
the B;4 mode nearly disappears upon compressiba spec-
trum marked as “compressed” in Fig(&], which reflects
the high sensitivity of nhonbonded-©OO interaction to the
lattice strain. The large splitting of the, mode(or its Fermi
resonance branch,) in Fig. 3(b) also suggests the strong
| association of molecules.
) The pressure-volume curve of GAI (Fig. 4) illustrates a
B highly unusual molecular behavior nearly resembling the be-
T Hlv ] havior of an extended phase. Note that £lDis substan-
J * tially denser than C@I1l by 9.6% at ambient pressure. The
large volume collapse associated with the IlI-to-1l transition
19 GPa (by about 7-5% between 11 and 50 GRaalso consistent
S i s e e N with the large pressure drop observed after the transition oc-
00 %040 00 B0 400 1450 1500 curs. The third order Birch-Murnaghan equation-of-state fit
Raman Shift (cm ) to the pressure-volume dat@olid line) yields the bulk

FIG. 3. Raman spectra of GaI at high temperatures and pres- MmodulusB =131 GPa(its pressure derivative B’ = 2.1) for
sures.(a) Low-frequency modes: The low frequenBy, shearlike ~ CO,-1l, even greater than that of GAll, 87 GPa @’
libration is extremely broad due to oscillatory motions of oxygen = 3.3) .8 Remember that phase Ill already supports an unusu-
atoms, resulting in a dynamic tetragonal-to-orthorhombic latticeally large lattice strain for a molecular solid, especially above
distortion in theab plane. Note that the shai, band splits into 20 GP&® For comparison, the bulk modulus of the phase | is
two and the bending,, mode appears, upon compression of the6.2 GPa B'=6.1), typical for a molecular phase. Table |
quenched phase Il at ambient temperatnearked as “com-  summarizes the unusual compressibilities of ,GfDases in
pressed]. This sample was initially quenched at 19 GPa and thencomparison with those of other typical covalent solids, met-
compressed to 36 GPa at ambient temperature. The sharp differenggs, and molecular solids.
of the B,y modes between the "as quenched” and “compressed” — Note that CQ-1 transforms into C@- 1l rather than more
samplgs at 3§ GPa inQicates .the high sensitivity of nonbonde‘énergetically favorable CQIl at ambient temperatu&l.s
O---O interaction to lattice strairlb) High-frequency mode: The s reqyit can be interpreted as the following. The transition

large splitting of the Fermi resonance band into theand v/, (or from phase | to phase Il is diffusion limited, because of a
v1-A1q andvi-B,g) modes implies strong association of £@ol- '

ecules in this phase Il. Such a large splitting of the mode is ) ]
absent in the other phases of €0 -Ill, and -IV (Ref. 9. TABLE I. The equation-of-state parameters for £ghases in
comparison with those of other solids. The third-order Birch-

Murnaghan equation of state was used to fit the data and obtain the

well resolved, but are very broad even at high temperaturegompressibility B,), its pressure derivativeB(), and the density
at relatively low pressures. It is well known that, for rutile , .

and rutilelike oxides® a minor stress anisotropy distorts the
rutile structure P4,/mnm) into a calcium chloride structure Solids p(glen?) B, (GPa B’  References
(Pnnm. Such a distortion is especially important for any
crystallite aligned so that its axis makes any nonzero angle

a)

compressed

as quenched

Intensity (arb. unit)

Covalently bonded solids

to the symmetry axis of the diamond-anvil cell. For a ran-Piamond 3.51 444 1.9 25
domly aligned powder, the orientations and range of distorCUPicBN 3.48 369 4.5 26
tions would show dispersion, thereby broadening some dif€C.-V 2.90 365 0.8 this study
fraction bands like th¢101) and(200) bands. The very short SiO, stishovite 4.29 313 1.7 27
interatomic distance, 2.349 A, between nonbonded-@  Al;O; ruby 3.98 239 0.9 28

along the[110] directions may even cause the oxygen atoms Metals and semiconductors

to oscillate, thereby dynar_mcally dlsord(_erlng the structure mhcp-Fe 8.30 165 53 29
the ab plane and broadening the reflectiaifsg. 1). )
. . . CO,-1l 2.45 131 2.1 this study
The Raman spectrum of GAl (Fig. 3 is also in support i 233 98 4.9 30
of the strong molecular association and dynamic disorder jrpificon : : )
CO,-1I 2.22 87 3.3 this study

CO,-1l. The irreducible representation of the Raman-active

vibrations of rutile or stishovitgthe P4,/mnm (D3} struc- 2.70 2 53 31
ture with Z=2] can be written ad gamai=A1g+B1g+ Bag Molecular solids

+Eg."" Following this assignment for the GAI phase Aj;  CO,-| 1.75 6 6.1 this study
and B,, become equivalent to the internal stretching vibra-s-n, 1.03 3 3.9 32
tion modes, in phaser() and out of phase;), respec- fcc-Xe 3.46 4 55 33

tively. B,y andE, represent the external vibration modes: a
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06

CO i FIG. 4. (Color The pressure-
2 volume isotherm of C& Il com-
pared with those of C&I,
A CO,-1ll, and CG-V at 300 K. A
Birch-Murnaghan equation-of-
state fit to the C@ Il data (the
blue ling vyields a high bulk
modulus B,=131.5GPa and a
relatively low pressure derivative
B’=2.1. The largeB, and crystal
structure(Fig. 1) indicate that the
phase Il is highly unusual for a
molecular phase and should be
considered as an intermediate
phase between molecular and ex-
tended solids. Note a relatively
large difference volume change
associated with the lll-to-Il phase
transition, ~5-7 % depending on
pressure.
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large volume difference between the two phase$2.3% at  splitting of the symmetric stretching; mode as observed in
11 GPa in Fig. 4 and the reconstructive nature of the tran-the Raman spectrum.

sition. In contrast, the transition from phase | to phase Il The crystal structure and properties of S clearly ex-
requires only a minor modification of the lattice, mainly the hibit characteristics of a quasi-extended phase, similar to that
rotation of CQ molecules;? which occurs martensitically 0f SiO; stishovite. However, CQIl is different from stisho-
under the presence of a small lattice strain. In addition, beVite |n6t2r}r2eze ways[(1) because of high covalency in-€O
cause of the close structural relationship between the phas€§nds,“*““the O-C-O and O-C-O angles are more rigid and
Il and 11 [Fig. 2(b)], the lll-to-Il transition can occur without  favor 110°~130°, which contrasts with a wider range of
a large transition barrier despite the phases relatively larg@ndles, 90°~180°, observed in various §mlyn"_|orphsz. o
volume difference. Thus the transition from molecular phasd2) There are no nearbgt bands in carbon, which makes it

| to pseudo-six-fold phase Il favors the mechanism via rnetag|ff|cult to stabilize nonbonding electrons of oxygen atoms at

P » below 100 GPa. As a result, the transition of
stable phase Ill. The presence of such a “precursor” phas ressures ” e ' Lo
Il transforming into a stable rutilelike phase Il in GOs O,-Il to a “perfect” sixfolded extended phase is limited at
.these intermediate pressures. Instead, the lattice develops

:c,rp(;ne%hat analogous to anatase transforming into rutile i, o, gistortions like a tetragonal-to-orthorhombic distor-
Q2. tion and a bending of linear molecules, which precede a tran-

sition to a fourfold carbon dioxid¥- phase.(3) Finally,
SUMMARY CO,-1l appears at lower pressures than four-fold £Q
In this study, we have characterized the crystal structurdvhereas sixfold stishovite appears at .substantiall.y higher
of COx-ll (P4,/mnm), and discussed tetragonal-to- Pressures tha_m fourfold quartz and coesite. Clearly, it reflects
orthorhombic(Pnnm CaCl-like) distortion and the dynamic the intermediate nature of GAI between molecular and
disorder which likely occurs in this structure because of s&xténded solids.
short O--O distance, 2.35 A, in thab plane. The refined
x-ray data indicate that carbon atoms in £Dare pseudo-
six-fold coordinated with oxygen atoms, whereas oxygen at- The x-ray diffraction in this study was done at the ESRF,
oms are threefold coordinated with carbon atoms. Based oand also in part at the SSRL. We appreciate K. Visbeck for
its elongated intramolecular bond distance, well over 1.30 Aassisting with the experiments. We also thank F. Gygi for
and collapsed intermolecular distance, below 2.38 A, wevery productive numerous discussions and for sharing his
conclude that C@l is an intermediate between molecular unpublished results. This work was supported by the LDRD
and nonmolecular solids. Strong intermolecular associatioand PDRP programs of the LLNL, University of California,
of CO, molecules in this highly distorted octahedral configu-under the auspices of the U.S. Department of Energy under
ration results in a high bulk modulus 131 GPa and in a largeContract No. W-7405-ENG-48.
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